Objective: The prognostic value of stimulated thyroglobulin (sTg) and Tg-related parameters prior to and immediately after radioactive iodine (RAI) administration was assessed in a cohort of patients presenting with differentiated thyroid cancer (DTC) as a predictor of recurrent or progressive structural disease. Methods: Clinical records of 180 DTC patients were retrospectively reviewed, and serum TSH, Tg, and Tg antibodies were recorded just before RAI administration (pre-) and at the time of whole body scanning (post-). Based on the results of initial staging and RAI scintigraphy, patients were divided into two groups: those who were considered to be structurally disease-free after thyroidectomy and RAI (group 1) and those who were not (group 2). Univariate analyses were performed for pre-Tg, ratioTg (postTg/pre-Tg), and other clinical and pathological markers for long-term outcome, as well as separate bivariate analyses focusing on pre-Tg to correct for possible confounders. Different pre-Tg cut-off values for predicting structural disease recurrence were assessed in a subgroup of patients in group 1 prepared with thyroid hormone withdrawal. Results: In group 1, (n = 166) male gender, higher T-stage and both Tgrelated parameters proved to be significant risk factors for structural disease relapse. Of all candidate variables, only higher T-stage served to predict progressive structural disease in group 2 (n = 14). Subgroup analysis showed a negative predictive value of 91.67% for pre-Tg < 10 µg/L. Conclusion: The sTg value at the time of RAI administration may be helpful in predicting structural disease recurrence in patients with DTC.
Introduction
The vast majority (> 90%) of thyroid carcinomas are differentiated thyroid cancer (DTC), which includes papillary (PTC) and follicular cancer (FTC), characterized by an indolent course and low mortality [1] . Primary management of DTC usually consists of total thyroidectomy followed by radioactive iodine (RAI) remnant ablation (RRA). Postoperative administration of RAI serves three major goals: the first is to destroy any residual microscopic disease as well as any remaining normal thyroid tissue; secondly, RRA allows for serum thyroglobulin (Tg) to be used as a specific tumor marker and increases sensitivity of diagnostic whole-body iodine scintigraphy (WBS) in the follow-up, allowing early detection of recurrent or metastatic disease; a third and final advantage is that postablative WBS is superior to diagnostic RAI scanning in discovering regional or distant metastases [2] .
Despite its excellent disease-specific survival rates, up to one-third of DTC patients may experience a clinically significant recurrence during long-term follow-up [3] . An accurate initial risk appraisal is therefore crucial in these patients because it not only defines the need for postoperative RAI administration, but also allows formulation of an appropriate surveillance strategy. Features known to correlate with poorer prognosis are higher American Joint Committee on Cancer (AJCC) stage, advanced age, male sex, extrathyroidal extension, and certain histological subtypes [4] , but many authors have also researched serum Tg measured just before RAI administration as a marker for predicting persistent or recurrent disease, with reported cut-off values ranging from 1.0 to 10.0 µg/L [5] [6] [7] [8] . Due to its high negative predictive value (NPV) in this setting, preablation Tg has been suggested to be a useful and inexpensive tool for risk evaluation early on during and after initial treatment.
The aim of this study was to assess the prognostic value of stimulated Tg (sTg) and Tg-related parameters at the time of RAI administration in a cohort of patients presenting with DTC at a single referral center in Belgium.
Subjects and Methods

Patient Selection and Grouping
Clinical records of all patients who received RAI administration after total thyroidectomy for DTC at the University Hospital in Leuven (Belgium) between 1st January 2011 and 31st December 2015 were retrospectively reviewed. Approval was obtained from The Supervisory Committee on Medical ethics of the "Master in Medicine (Leuven)" program and patient consent was not required.
Exclusion criteria were as follows: (1) prior history of RAI administration; (2) incomplete laboratory results; (3) elevated antiTg antibodies; and (4) age at diagnosis < 18 years old. Finally, a total of 180 patients were included in our study.
Patients were divided into two groups: group 1 consisted of a total of 166 patients who were considered to be structurally disease-free after primary treatment (thyroidectomy followed by RAI), defined as negative RAI scintigraphy and/or faint RAI uptake in the thyroid bed on WBS. Fourteen patients who did not meet this criterion were included in group 2. Relapse-free survival and progression-free survival for group 1 and 2, respectively, were correlated with non-Tg-and Tg-related variables to determine their prognostic value.
Risk Stratification
Our hospital has developed a postoperative risk stratification for RAI decision-making in patients with DTC, largely based on the American Thyroid Association (ATA) guidelines (online suppl. Appendix A; for all online supplementary material, see www. karger.com/doi/10.1159/000489849) [7] . Depending on clinicopathological tumor features, patients are divided into four risk categories. 
RAI Protocol
All patients had undergone a total or completion thyroidectomy, either at our institution or at a regional hospital. Histologic reports were written by the respective pathologists, with or without review by our institution's Pathology Department.
Based on the aforementioned risk categories, patients were selected for one of two possible TSH stimulation modalities prior to receiving RAI. Firstly, thyroid hormone withdrawal (THW) consisted of LT4 withdrawal during the 6 weeks leading up to RAI administration. LT4 was substituted with LT3 during the first 4 weeks, and patients were asked to follow a low-iodine diet during the last week before RAI administration. All high-risk patients and selective intermediate-risk group patients (online suppl. Appendix A) were prepared with THW. A second stimulation method using rhTSH (Thyrogen) was performed in all patients in the low-risk group, as well as in selective patients in the intermediate-risk group (online suppl. Appendix A), following the standard protocol: rhTSH injections on day 1 and day 2, followed by RAI administration on day 3.
Similarly, RAI activity varied between patients depending on the postoperative risk category. No RAI ablation was performed in very low-risk patients. Subjects in the low-risk group received an activity of 30 mCi, while the intermediate-risk group received 100 mCi RAI. Finally, the high-risk group was administered a RAI activity of 150 mCi.
A diagnostic RAI WBS with SPECT-CT was performed on day 5 or day 7 after administration of 30 or 100-150 mCi RAI, respectively, in order to inform disease staging and document the RAI avidity of any structural disease or thyroid remnant. Laboratory Testing Blood chemistry with TSH, Tg, and anti-Tg Ab testing was performed on the day of RAI administration (pre-TSH, -Tg, and -Tg Ab). Only if serum TSH levels were above 30 mIU/L after THW, was stimulation considered sufficient for RAI administration. A second blood sampling with evaluation of these laboratory parameters was performed at the time of RAI WBS (post-TSH, -Tg, and -Tg Ab).
Serum TSH was tested using electrochemiluminescence immunoassay (Elecsys ® ; Roche Diagnostics). An immunoradiometric assay kit (Thyroglobuline IRMA ® ; CISbio) was used for serum Tg measurement with a functional sensitivity level of 0.7 ng/mL. Automated anti-Tg Ab assays (Elecsys ® ; Roche diagnostics) were used to detect the presence of anti-Tg antibodies.
All tests were performed in the central laboratory of the University Hospital in Leuven.
Long-Term Follow-Up
Six to 12 months after RAI administration, measurement of rhTSH-stimulated serum Tg and cervical ultrasonography were performed depending on the patient's risk for recurrent disease, response to initial treatment, and Tg status. Afterwards, patients were followed up through clinical checkup, laboratory testing, ultrasonography and, in selected cases, additional CT or MRI imaging with varying intervals from once every 3-12 months, based on the same parameters.
Non-Tg-Related Variables
Clinical variables including age at diagnosis, gender, and risk category, as well as pathologic variables (pTNM stage and tumor histology) were assessed as prognostic markers.
Tg-Related
Variables sTg values (pre-Tg) and the post-Tg/pre-Tg ratio (ratioTg) were analyzed as continuous parameters and correlated with patient outcome.
Statistical Methodology
Summary statistics are presented as means and standard deviation for continuous variables and as frequencies and percentages for categorical variables. Cox regression models were used for univariate analysis of the association between prognostic factors and outcome. Results are presented as hazard ratios (HR) with 95% confidence intervals (CI). Analyses were performed using SAS software (version 9.4 of the SAS System for Windows).
Results
Description of Cohort Characteristics
Basic patient characteristics are represented in Table  1 . Both in group 1 and 2, the female to male ratio was approximately 2: 1, with a mean age of 51 (±16.01) and 59.8 (±12.32) years, respectively. One hundred and thirtynine (83.73%) patients had PTC, and 15 (9.04%) had FTC in group 1, as opposed to 8 (57.14%) and 5 (35.71%) in group 2. Two patients were diagnosed with poorly differentiated thyroid cancer and 1 with synchronous PTC and FTC. Other tumor and pathological features are described in Table 1 .
Based on our postoperative risk stratification, the majority of patients in group 1 were classified and treated as intermediate-low risk (60.84%), whereas half of the patients in group 2 were considered high risk (50.00%). Group 2 contained no low-risk subjects.
Serum pre-Tg values ranged from undetectable to 1,784.0 µg/L in group 1 and 1.1 to 4,779.0 µg/L in group 2, with mean pre-TSH levels of 120.6 and 88.4 mIU/L, respectively.
With a median follow-up of 2.28 years (range, 0.16-6.45) in group 1 and 3.36 years (range, 0.77-7.67) in group 2, outcome data showed a limited number of events in both analyzed groups: 5 (3.01%) and 7 (50%), respectively. Recurrent disease manifested locoregionally in 2 patients, as distant metastases in 1 patient and as both in 2 patients. Notably, all of these events occurred within the first 2 years following initial treatment. In group 2, disease progression was mostly seen at the site of distant metastases (5 out of 7 patients). Long-term complications of high activity RAI were seen in 6 patients, 5 of which presented with chronic sialoadenitis. One patient was diagnosed with subfertility during follow-up after RAI RRA. A total of 9 patients received at least a second RAI administration at our institution after completing initial therapy.
In our DTC cohort, there was no significant difference in overall survival rates between the two groups (Fig. 1) . Table 2 shows HR for different non-Tg-and Tg-related variables with regard to risk of structural disease recurrence. Univariate analysis results confirm male gender (HR = 0.09; p < 0.05) and higher T-stage (HR = 6.41; p < 0.05) as significant predictors of relapse. Both Tg-related candidate variables showed statistical significance in predicting recurrent disease: pre-Tg (HR = 1.92; p < 0.001) and ratioTg (HR = 7.75; p < 0.05). Correcting in separate bivariate models for four possible confounders (i.e., gender, age, T-stage and histology), we found that the effect of pre-Tg remained significant.
Predictive Markers for DFS (Group 1) and Progression-Free Survival (Group 2)
Of all candidate variables, only higher T stage (HR = 8.33; p < 0.05) served to predict progressive disease.
Disease Recurrence in a THW Subgroup Using Different Pre-Tg Cut-Off Values
A subgroup of patients who had received TSH stimulation in the form of THW (n = 32) was analyzed separately to evaluate the significance of different pre-Tg cutoff values in predicting relapse. A total of 5 subjects (15.62%) experienced disease recurrence, which manifested locoregionally in 2 (6.25%), as metastases in 1 (3.13%), and as both in 2 patients (6.25%). For pre-Tg less than 2 and 10 µg/L, an NPV for recurrent disease of 93.33% (95% CI = 70.03-98.82) and 91.67% (95% CI = 78.74-97.03) was observed, respectively. Clinical outcome for this subgroup is presented in Figure 2 .
Discussion
The measurement of serum Tg (baseline and/or stimulated) after thyroidectomy and RAI administration is a well-established tool in the monitoring of DTC patients for residual or recurrent disease during long-term follow-up [9] . Moreover, as many reports have suggested, sTg values at the time of RAI administration may also be of great importance as an early prognostic marker in thyroid cancer management. This study aimed to assess pre-RAI sTg as well as immediate post-RAI Tg as a predictor of recurrent or progressive structural disease in a cohort of 180 patients treated for DTC between 2011 and 2015.
The present data show that pre-Tg is a significant predictor of relapse in patients who were considered to be structurally disease-free after thyroidectomy and RAI, the risk of recurrence almost doubling with every tenfold increase in pre-Tg. These results correspond to those reported in the literature. A meta-analysis by Webb et al. [5] including data from nearly 4,000 patients showed an overall NPV of pre-RAI sTg < 10 µg/L of 94.2% for predicting disease-free status. In a more recent Australian study by Matthews et al. [4] , a significant difference in prognosis was found in patients with elevated Tg values (> 27.5 µg/L) at the time of RAI administration. Conversely, our study could not confirm the role of serum pre-Tg as a risk factor for disease progression in patients considered to have persistent structural disease after initial therapy (group 2).
Several factors may influence Tg concentrations measured at the time of RAI administration, including residual thyroid tissue or tumor burden, TSH stimulation modality, functional sensitivity of Tg assays, and the presence of anti-Tg antibodies [5, 10] . The difference in sTg between patients prepared with THW and those receiving rhTSH was demonstrated in a retrospective study by Ciappuccini et al. [10] . Apart from the notion that rhTSH may stimulate Tg production less than THW does, this effect may also be attributed to an inevitable selection bias when screening patients to receive one of both preparation modalities, that is, higher risk patients are usually prepared by means of THW. One way of dealing with this confounder is by defining separate pre-Tg thresholds for both TSH stimulation methods. A cut-off value for pre-RAI Tg of > 1 µg/L after rhTSH, suggested by Rosario et al. [11] as a negative prognostic factor, could not be tested in our cohort due to the lack of events in the low and intermediate-low risk categories. A study by Kim et al. [6] showed that dividing patients who had undergone THW into three categories based on sTg levels, that is, those with pre-RAI sTg ≤2 µg/L, pre-RAI sTg between 2 and 10 µg/L, and those with pre-RAI sTg > 10 µg/L, revealed significant differences in outcome. For this reason, a subgroup analysis evaluating serum pre-Tg < 2 and < 10 µg/L as predictors of disease recurrence was performed for only those patients in group 1 who were chosen for THW as the preferred TSH stimulation modality. The highest NPV was observed using a cut-off pre-Tg of < 2 µg/L (93.33%). In the same subgroup, a distinction was made between locoregional and/or distant metastatic disease recurrence, since the latter has been shown to have a poorer prognosis [9] . Although Figure 1 demonstrates how pre-Tg correlates with the proportion of patients experiencing relapse, no difference was seen in location of disease recurrence with increasing pre-Tg values.
The lower the applied cutoff value for pre-Tg, the higher its NPV. Unfortunately, this also leads to a higher rate of false-positive results [5] . In an effort to improve the PPV of serum pre-Tg, a recent publication by Kim et al. [12] suggested taking into account the surge in Tg values noted immediately after RAI administration when assessing Tg as a predictive marker for successful ablation. Radiation-induced thyroid tissue apoptosis and subsequent destruction of membrane integrity is known to lead to a sudden release of stored Tg into the bloodstream and may therefore be a sensitive marker for early response to RAI. However, our data show that factoring in post-RAI Tg values (ratioTg) does not improve statistical significance of pre-RAI Tg as a risk factor for recurrent or progressive disease.
Besides its use as a prognostic tool, some authors have advocated a role for postoperative sTg in selection of pa- tients for RAI administration, especially when combined with imaging in the form of neck ultrasonography [13] or diagnostic WBS [14] . The ultimate goal is to spare lowrisk patients from RAI, considering its possible adverse effects (Table 3) . RRA has shown to be associated with a decrease in quality of life [15] . In our study, 5 patients were recorded to have developed chronic sialoadenitis. One case of subfertility was seen, though this effect could not be solely contributed to RAI. Our research has several important limitations, the first being its small study population, in turn leading to a limited number of recorded events and therefore difficulty in achieving statistically significant results. Multivariable analysis, including all possible confounders, was not possible given the low number of events in the data. However, when the effect of pre-Tg was analyzed in separate bivariate models, correcting for gender, age, T-stage, and histology, results remained significant, suggesting that pre-Tg is an independent predictor. On the other hand, although sample size was not large, it is worth noting that patient and tumor characteristics in our series were similar to those in other reports. A second limiting factor is the length of follow-up. A substantial proportion of included patients were lost to follow-up due to them returning to the referring hospital. Nevertheless, research suggests that disease recurrence rate is at its highest during the first 2-5 years after primary treatment, suggesting that most of the expected events in this cohort would have occurred within the presented follow-up period [14, 16, 17] . Third is the retrospective nature of this study. However, this allowed for efficient gathering of data, with results of additional diagnostic testing and their interpretation being readily available in patient files. Finally, we note that this report did not take into account biochemical disease recurrence or persistence without structural evidence of malignancy. As research into improving prognostication in DTC patients continues, the ATA has recently introduced the concept of dynamic risk stratification. Furthermore, their guidelines suggest dividing patients into four risk strata, including a category for biochemical incomplete and indeterminate responders [9] . Yang et al. [18] demonstrated in their retrospective review of 452 cases that preablative sTg correlates with this recently developed response to therapy system, thereby allowing a prediction of long-term outcome early on during initial treatment and guiding tailored follow-up strategies. Though this was not the primary aim of the current study, confirmation of this finding in our DTC patient population may be an interesting research topic for the future.
In conclusion, our study showed that elevated pre-RAI Tg is a significant risk factor for disease recurrence in subjects with differentiated thyroid carcinoma (DTC). In a subgroup of patients prepared with THW, we observed a high NPV of a pre-Tg value of less than 10 µg/L. Additional research is needed to investigate its role in selecting patients for RAI administration and its modalities in order to spare low-risk patients from possible adverse effects.
